Various microscopic techniques allow investigating structures from submicron to millimeter range, however, this is only possible if the structures of interest are not covered by pigmented cuticle. Here, we present a protocol that combines clearing of pigmented cuticle while preserving both, hard and soft tissues. The resulting transparent cuticle allows confocal laser scanning microscopy (CLSM), which yields high resolution images of e.g. the brain, glands, muscles and fine cuticular structures. Using a fluorescent dye, even single labeled neurons can be visualized and resolved up to an imaging depth of 150 mm through the cleared cuticle. Hydrogen peroxide, which was used to clear the cuticle, does not preclude immunocytochemical techniques, shown by successful labeling of serotonin immunoreactive neurons (5HT ir) in the ants' brain. The 'transparent insect protocol' presented here is especially suited for small arthropods where dissection of organs is very demanding and difficult to achieve. Furthermore, the insect organs are preserved in situ thus allowing a more precise three dimensional reconstruction of the structures of interest compared to, e.g., dissected or sectioned tissue.
Introduction
Microscopic techniques allow examining amazingly complex and delicate morphological and neuroanatomical structures even in tiny animals like many insect species. In order to understand the remarkably rich behavioral repertoire of insects and the diversity of adaptations on various levels, morphological and anatomical in vestigations of the neuronal substrate, the motor system and other organs are necessary.
A widely used visualization tool in biology is confocal laser scanning microscopy (CLSM). Compared to conventional light mi croscopy, the restricted depth of focus in CLSM improves resolution and allows optical serial sections of specimens to obtain precise three dimensional information of structures in whole mount preparations. The specimens can only be scanned when they are fully transparent, which is commonly achieved by clearing of fixed soft tissue, using methyl salicylate or benzyl alcohol/benzyl ben zoate (Zucker, 2006) . Contemporary examples of the importance of this technique in neurobiology are the standard brain and neuropil atlases of the fruit fly Drosophila melanogaster (Rein et al., 2002; Peng et al., 2011) , red flour beetle Tribolium castaneum (Dreyer et al., 2010) , hawk moth Manduca sexta (Huetteroth and Schachtner, 2005; El Jundi et al., 2009) , and honeybee Apis melli fera (Galizia et al., 1999; Brandt et al., 2005) .
Approaches that focus on cuticular structures commonly remove soft tissue using enzymes, potassium hydroxide (KOH), or sodium hydroxide (NaOH) (Galassi et al., 1998; Zill et al., 2000) . These studies successfully utilized CLSM to characterize the male genitalia of mosquitos Culex tarsalis (Rein et al., 2002; Klaus et al., 2003) , complete legs of cockroaches Periplaneta americana (Zill et al., 2000) , as well as the morphology of whole small animals like copepods (Crustacea) (Galassi et al., 1998) .
The traditional protocols for CLSM are focused on investigating either soft tissue or cuticle structures in whole mount preparations. So far, they fail to provide specimens where soft tissue can be assessed side by side with cuticle structures. Instead, soft tissue commonly is dissected from the exoskeleton prior to investiga tion, which removes the tissue from its original in situ position and is prone to cause damages to the specimen. Moreover, many ar thropods, like the parasitoid wasp Trichogramma evanescens are so small that dissections of organs are almost impossible to achieve.
An alternative approach for whole mount preparation is phys ical serial sectioning of specimens in slices of only a few microns, which allows investigation of soft tissues in situ. The general drawback of this approach is the time consuming correction of every single slice for alignment, geometric distortion and staining variation (Streicher et al., 1997) . Recent improvements already facilitate the advantage of light microscopy to preserve color in formation of serial sections (Handschuh et al., 2010) and may also overcome the problem of misalignment and geometrical distortion of individual slices due to e.g. Serial Block Face Scanning Electron Microscopy (Denk and Horstmann, 2004) and Automated Tape Collection Ultramicrotomy (Schalek et al., 2011) .
In the present study, we describe a clearing protocol that allows the investigation of soft tissue as well as the cuticle, making both, cuticle structures and organs, simultaneously accessible for CLSM investigations. In most arthropods, cuticle structures are strongly pigmented, caused by complex polymerized pigments called melanins. They are integrated into the cuticle during melanization, a stepwise oxidation and reformation of the dopamine based precursors (Andersen et al., 1996; Andersen, 2010 Andersen, , 2011 . The pig ments tan cuticle and make it opaque, thus it strongly absorbs light, preventing visual inspections beneath the cuticle. Hydroxyl radicals and OOH À groups were shown to destroy the cuticle pigment melanin (Korytowski and Sarna, 1990) . Treating ant cuticle with hydrogen peroxide was reported to remove its pigmentation (Stüben and Linsenmair, 2008) . We combined this bleaching treatment with a standard protocol to clear soft tissue.
In our experiments we used heads of various ant species, fixed them and subsequently bleached them, followed by dehydration and clearing. Even bleached cuticle might distort the transmittance of light and may negatively influence the optical resolution of CLSM scans. In order to assess the optical resolution when scanning through bleached cuticle, we stained receptor neurons with a fluorescent dye and scanned their arborization in the brain through the head capsule.
Methods

Animals
We used adult leaf cutting ants (Atta vollenweideri), collected in 2002 at the Reserva El Bagual, Formosa, Argentina (by M. Bolazzi and O. Geissler), Pheidole fervens ants collected in 2007 in Borneo, Malaysia (by H. Feldhaar), and Formica cunicularia ants collected in 2012 near Konstanz, Germany (by M. Nagel). All animals were reared in an environmental chamber at 25 C and 50% relative humidity in a 12 h/12 h photoperiod either at the rearing facility of the University of Würzburg (A. vollenweideri, Ph. fervens) or the University of Konstanz (F. cunicularia). A. vollenweideri were fed mainly with privet leaves (Ligustrum vulgaris) and dog rose (Rosa canina). Ph. verfens and F. cunicularia ants were fed with Bhatkar's diet (Bhatkar and Whitcomb, 1970) and cockroaches.
Attini ant species have a pronounced size polymorphism within the worker caste and the fungus tending workers are very small (Hölldobler and Wilson, 1990) . For our investigations, we only used Atta workers with a head width <2 mm (n 87). Ph. verfens ants were used for (anterograde) receptor neuron staining, and immu nocytochemical stainings were done with F. cunicularia workers.
Receptor neuron staining
In 12 Ph. verfens ants, we stained receptor neurons, from the antenna to the antennal lobes (anterograde) with the neuron tracer dextran biotin (D 7135, Molecular Probes, Eugene, USA), in order to investigate whether the bleaching procedure affects the tracer and therefore the ability to use fluorescent dyes. Since this was not the case, we could use the stained neurons to assess whether scanning through bleached cuticle hampers single neuron analysis.
Single ant workers were fixed on a Plexiglas holder with dental wax (surgeon periphery wax, Hereaus Kulzer, Germany), and one antenna was fixed with water based white out correction fluid (Tipp Ex, Bic, France). The antenna was then cross sectioned with a sharp razor blade at the flagellum. About 1 mL of dextranbiotin (diluted in water) was applied at the cut end of the antenna using a syringe. The dextranbiotin droplet was applied for 15 min at the antenna tip and afterward removed with distilled water. Subse quently, the ant was placed in a petri dish with a wet paper tissue and kept for 12 h at room temperature. After the bleaching step (see below), stained heads were incubated with 1 mg/ml streptavidin Alexa Fluor 488 (S 11226, Molecular Probes, Eugene, USA) in phosphate buffered saline (PBS, pH 7.2), containing 0.2% Triton X 100 for one day at room temperature or 3 days at 4 C. The vials were then kept in darkness to prevent dye bleaching during dehydration and clearing.
Fixation, bleaching and immunocytochemistry
Ants were carefully decapitated with a sharp razor blade. The heads were transferred immediately to ice cold 4% para formaldehyde (PFA) in PBS for fixation. The samples were stored for 2 h at room temperature or one day at 4 C. After fixation, the specimens were rinsed in PBS (3 times 10 min each). Subsequent to the washing step, the heads were transferred into an aqueous so lution of 35% hydrogen peroxide for 8e10 days, depending on how strongly the cuticle was pigmented. The hydrogen peroxide treat ment turns the cuticle form initially black or brown into a light yellow. When the strongly pigmented ommatidia lose their pigmentation, the heads were washed again in PBS (3 Â 10 min), and dehydrated in a graded ethanol series (50%, 70%, 90%, 95%, 3 Â 100%; 10 min each). Finally, the heads were transferred into methyl salicylate (M 2047, SigmaeAldrich Chemie GmbH, Stein heim, Germany) for clearing. All solutions were replaced within the same vials containing the specimen, using transfer pipettes.
In order to test whether the hydrogen peroxide treatment prevents further investigations with immunocytochemical tech niques, we treated 8 F. cunicularia heads as described above and we added a 5 hydroxytryptamine (serotonin) antibody staining (5HT ir). The only modification of the protocol was a shorter incubation time with hydrogen peroxide, and we dissected the brain after one day of bleaching. The staining protocol was adapted from Kreissl et al. (2010) , and low concentrated hydrogen peroxide (0.001%) was used in established protocols for immunocytochemical in vestigations in the past (Kreissl et al., 1994) . Following the washing steps, the brains were pre incubated in PBS blocking buffer solution with 0.2% Triton X 100 and 0.2% bovine serum albumin (PBS T BSA) for 4 h at room temperature. The primary rabbit anti serotonin antibody (ICCB56 1, Accurate Chemical & Scientific Corporation, USA) was applied at 1:500 in PBS T BSA for 4 days at room tem perature, rinsed in PBS (5 times 1 h each) and incubated with DAPI (D 9542, SigmaeAldrich, US) and the secondary goat anti rabbit antibody conjugated to Alexa 488 (S 11223, Invitrogen, Carlsbad, CA) diluted at 1:1000 and 1:500 in PBS T BSA, respectively.
Mounting, CLSM and 3D reconstruction
For CLSM, the heads were transferred to methyl salicylate filled scanning chambers. These chambers are custom made and built from metal sheets (0.5e0.8 mm) containing a 1 cm hole sealed on one side with a glued cover slip. After placing the head in the center of the chamber with methyl salicylate, it was sealed with a second cover slip.
The heads were examined at a TCS SP2 AOBS (Leica, Germany) or LSM 510 Meta (Zeiss, Germany) confocal laser scanning microscope (Leica Microsystems AG, Wetzlar, Germany) using a 10Â dry objective (0.40 NA) and a 20Â water immersion objective (0.7 NA and 0.95). The optical sections had a resolution of 1024 x 1024 pixel. Optical sections of whole heads were obtained at z dimensional steps ranging from 1 to 5 mm. As emission light sources, we used a krypton argon or argon laser (405 nm and 488 nm, respectively).
Three dimensional surface rendered models were created from optical image stacks using AMIRA 5.2.1 (Mercury Computer Sys tems, Berlin, Germany). The software allows an automated light intensity based segmentation that was used for the cuticle struc tures. Brain neuropiles and glands were manually segmented.
Results
The absorption, reflection and strong auto fluorescence of the cuticle was reduced to such an extent that organs within the head capsule could be investigated (Fig. 1) . In all our bleached prepara tions, the auto fluorescence of cuticle was low enough to analyze soft tissue and cuticle structures side by side (Fig. 1) . However, soft tissue just beneath thick cuticle structures, e.g. below the apical head capsule and highly transparent structures close to larger volumes of cuticle, e.g. the mandibular glands, are difficult to detect.
Fixation and dehydration procedures, as used in this study, cause tissue shrinkage, especially during the dehydration prior to the clearing. This was also the case in our preparations. We found shrinkage affecting soft tissue more or less pronounced. Small shrinkage effects can be observed as dark areas e.g. around the calyces of the mushroom bodies (Fig. 1BeD) . This kind of soft tissue shrinkage often helps to identify individual structures such as brain neuropiles but, of course, may also change the position of organs due to artificial tensions across tissues.
In some cases, shrinkage caused a much stronger effect and the soft tissue was partially or totally detached from the cuticle. Apparently, the fixed and thus hardened tissue including the in sects' epithelium detached from the endocuticle (not shown).
We tried to reduce shrinkage of soft tissue by using a different fixation agent (zinc formaldehyde, Ott, 2008) , and a different dehydration method (graded glycerol series, Ott, 2008) . However, all protocols revealed variability in shrinkage artifacts.
Some specimens showed larger areas of the soft tissue that could not be visualized with the CLSM and appeared as dark areas (see Fig. 3A ). We think that this is caused by poor dehydration of the tissues, which scatter the light so strongly that it cannot be resolved. A poor dehydration might occur if the dehydration agent diffuses insufficiently through the opened occipital foramen at the backside of the head. We tried to circumvent this problem by cut ting small holes in both posterior lateral sides of the heads. How ever, we found that the muscles, attached to this part of the head capsule, were cut as well and pulled the brain out of its natural position, which made us refrain from this method.
Based on our high demands on soft tissue preservation for a high quality brain reconstruction we found 21 out of 83 heads to show sufficiently small shrinkage effects and a good tissue dehydration. We found the auto fluorescence being sufficient to trace individual organs and cuticle structures with the software segmentation ed itor. As an example, we reconstructed the head capsule, brain neuropiles, post pharyngeal gland, both mandibular glands, optical nerves, and eyes of a single head (Fig. 2) .
The high auto fluorescence of both inner (tentorium) and outer cuticle structures (antenna joints, ommatidia, hairs) allowed automated cuticle segmentation ( Fig. 2A) , resulting in a detailed model of the head capsule.
For the reconstruction of soft tissue (Fig. 2) , we manually segmented the images based on morphological characteristics (see Fig. 1 ). We exemplarily reconstructed the post pharyngeal and mandibular gland (Fig. 2AeB) . These secretory organs produce and store liquids that scatter light much more than the membrane of the glands. Under CLSM conditions, glands appear as dark struc tures with bright borders (Fig. 1AeB) .
About half the volume of the head capsule consists of muscles. The most prominent muscles connect the posterior lateral and the posterior ventral part of the head with the huge mandibles. Mus cles appear as long banded fibrous structures (Fig. 2) .
Nervous tissue appeared mainly as homogenous colored struc tures. The most prominent neuropiles in the hymenopteran brain are the mushroom bodies (Fig. 1BeD) , antennal lobes (Fig. 1A) , central complex (Fig. 1B) , and the subesophageal ganglion (Fig. 1Ce  D) . In most specimens, all structures could be subdivided into their further compartments (mushroom bodies: calyx, pedunculus, col lar; antennal lobes: glomeruli; central complex: fan shaped and ellipsoid body; protocerebral bridge). We could also identify and reconstruct the protocerebral lobes of the mushroom bodies (the vertical or a lobes, and horizontal or b lobes).
In the antennal lobes, auto fluorescence is sufficient to discriminate single glomeruli. However, to better distinguish be tween single glomeruli, we selectively stained antennal lobes by anterograde labeling of receptor neurons at the antenna with a tracer and a fluorescent dye. The axonal projections of the stained neurons project to the dorsal lobe and glomeruli in the antennal lobes. Successfully stained antennal receptor neurons innervated the ipsilateral antennal and dorsal lobe. Due to the staining, the contrast between the antennal lobe and the surrounding tissue was dramatically enhanced (Fig. 3A) . Although we scanned through the head capsule, we achieved a resolution that was sufficient to visualize individual neurons within glomeruli up to a depth of w150 mm (Fig. 3C) . Hence, the bleaching treatment did neither cause the tracer to leave the receptor neurons nor did it affect the ability of the tracer to bind with the fluorescent dye.
As a proof of principle, we used an antibody staining against serotonin in order to test whether the hydrogen peroxide treat ment interferes with classical immunocytochemical investigations. We found distinct 5HT ir staining in most parts of the brain, e.g. in the antennal lobe many but not all clusters of glomeruli are innervated (not shown), and in the medial and lateral calyces of the mushroom body the outer lip is innervated (Fig. 4) . Some of the 5HT ir neurons are located in a cluster ventral to the medial calyx and some are closer to the midline of the brain, close to the central complex.
Discussion
The newly developed protocol presented in this study proved suited to visualize inner organs like the brain, glands, and muscles side by side with cuticle structures. We combined a protocol that was previously used to investigate cuticle structures (Galassi et al., 1998; Michels, 2007; Stüben and Linsenmair, 2008) with traditional protocols for preserving and clearing of soft tissue (Kleineidam et al., 2005) . We demonstrate that the used protocol effectively removes tanning pigments and clears soft tissue and cuticle, while it preserves the tissues and even fluorescent dye staining. We were able to visualize single neurons with their arborizations (see Fig. 3C ), which demonstrates that scans through the intact head capsule can still gain high resolution images.
We used an excitation wavelength of 488 nm, which yielded the strongest auto fluorescence of the cuticle. This corresponds to related studies on cockroaches (Zill et al., 2000) , fruit flies and mosquitos (Klaus et al., 2003; Schawaroch et al., 2005) , and co pepods (Michels, 2007) . Besides the cuticle, we also find auto fluorescence of soft tissue as has been shown, e.g., for the ejacu latory bulb of Drosophila (Heinstra and Thörig, 1982) and integ umental structures in copepods (Galassi et al., 1998) . Due to the fact that the cuticle and soft tissue showed strong auto fluorescence at similar excitation wavelength, we always recorded signals for both at the same time. The cleared cuticle however had a much stronger auto fluorescence compared to unstained soft tissue, which appeared dim, relative to the cuticle. Especially close to the cuticle, soft tissue becomes indistinguishable from the exoskeleton due to its strong over glow effect. The auto fluorescence of the cuticle might be decreased by lower concentration of the fixation agent paraformaldehyde (Zucker, 2006) , while the auto fluorescence of soft tissue can be increased by using for example glutaraldehyde. Dissected brains showed a stronger auto fluorescence when they were fixed with a mixture of glutaraldehyde and paraformaldehyde (fix mix, Kelber et al., 2009) . How different fixation agents might influence the auto fluorescence of cuticle and soft tissue in the same specimen remains an open question for future studies.
Additionally, our protocol can be combined with standard pro tocols e.g. for anterograde labeling of receptor neurons as well as 5HT ir neurons. Anterograde labeling of receptor neurons using a fluorescent tracer allows visualization of, e.g., axonal arbors and varicosities at a resolution comparable with results obtained from dissected brains (Kelber et al., 2006; Ruchty et al., 2010) . In our immunocytochemical approach, we compared 5HT ir neurons of our specimens (F. cunicularia) with 5HT ir neurons described in other ant species, and we found similar numbers of neurons at corresponding locations in the protocerebrum (Hoyer et al., 2005; Tsuji et al., 2007) . This result indicates that even after the treat ment with 35% hydrogen peroxide, neurons with immunocyto chemical stainings are maintained. All our investigated specimens showed different amounts of shrinkage. Minor shrinkage appeared beneficial for our in vestigations, because organs and soft tissue with low contrast become more separated and condensed, resulting in higher contrast. Stronger shrinkage of soft tissue clearly is undesirable, because it affects the integrity of the in situ observation of inner organs, and makes it necessary to correct size measurements (Bucher et al., 2000) .
The majority of the shrinkage is caused by the last dehydration step, when the specimen is transferred into 100% ethanol (Bucher et al., 2000; Ott, 2008) . This transition causes a high osmotic force onto the tissue. Possibly, additional and longer dehydration steps at higher concentration of the ethanol series may reduce the osmotic force and thus the shrinkage.
In additional experiments we countered the impact of soft tissue shrinkage in two ways: using the fixation reagent zinc formaldehyde and dehydrating the specimens with a graded glycerol series. Zinc formaldehyde is reported to preserve tissue in a more rigid form, compared to paraformaldehyde. Glycerol has roughly twice the molar mass of ethanol, and therefore penetrates soft tissue much slower, causing lower osmotic force onto the tissue (Ott, 2008) . Unfortunately, we did not notice differences in shrinkage by comparing zinc formaldehyde/glycerol with para formaldehyde/ethanol treated specimens (not shown). However, observing organs, for example the brain, inside the head capsule provides information about what shrinkage actually means. A reliable way to quantify the shrinkage due to fixation and dehy dration protocols requires to assess the initial volume by e.g. using Synchrotron X ray Phase Contrast Microtomography (SR mCT, see below), while the final measurement can be achieved with stan dard Confocal Laser Scanning Microscopy (CLSM) as described here.
CLSM is a well established microscopic technique that has become a standard imaging tool in many different disciplines, but especially throughout biology (Amos et al., 1987) . It allows scanning through cleared objects, is sensitive to fluorescent dyes, and takes images with submicron resolution.
However, as in all light microscopy, the numerical aperture and the magnification of the used objective constrains the working distance between objective and specimen. We found a penetration depth of up to 500 mm acceptable for investigation, which is com parable to other studies (Michels, 2007; Wanninger, 2007) . Struc tures of interest that are embedded deeper in tissue suffer from a distinct decrease of fluorescence intensity and appear blurry, due to scattering and absorption of the emitted and reflected light.
A microscopy technique that does not have this constraint is SR mCT. It even allows scanning through uncleared specimens pro ducing high resolution images (Betz et al., 2007; Socha and De Carlo, 2008; Montealegre Z et al., 2012) . In contrast to light mi croscopy, SR mCT uses X rays. Thus SR mCT can not detect fluores cent dyes, which are important tools for individually staining cells and tissues (Lichtman and Conchello, 2005) . A relatively recent invention in light microscopy that is able to scan cleared specimens in situ and detect fluorescent dyes is Scan ning Laser Optical Tomography (SLOTy, Lorbeer et al., 2011; Eickhoff et al., 2012) . It combines Optical Projection Tomography (OPT, Sharpe, 2002 ) with a laser. Commonly, a rotating specimen is excited with a laser and scattered, fluorescent, and transmitted light is collected from different viewing angles. Like CLSM, SLOTy works well with cleared specimens. In combination with fluorescent dyes it was applied to study size changes of mushroom bodies and antennal lobes in locust brains (Eickhoff et al., 2012) . At the current state of development, the resolution of SLOTy is lower compared to CLSM, and well suited to study specimens up to a couple of milli meters. With an improved optical resolution, SLOTy would have a clear advantage over CLSM because it has not such a strong limita tion of the specimen size. Future studies will aim to combine im aging techniques like SLOTy and the presented protocol to utilize the advantages of both techniques: clearing whole mount pigmented specimens, and scanning the specimen from different angles.
Compared to other methods, the presented protocol has a relatively small workload, and requires neither advanced prepara tion skills nor expensive chemicals. A large number of specimens can be processed at the same time. The relatively long period of bleaching is balanced by the protocol's potential (1) to apply fluo rescent dyes, (2) make in situ observation of inner organs and cuticle structures, and (3) scan images with submicron resolution. The high resolution images are well suited to be analyzed image by image and to create rendered, high resolution three dimensional models that further can be analyzed from different angles and digitally dissected.
We are confident that the presented protocol, in combination with modern microscopy techniques, will become a widely used tool to visualize and analyze arthropod structures in general, and to analyze small arthropods in particular, which might be inac cessible with other methods.
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